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MULTIPLEXED HOLOGRAPHIC DATA STORAGE IN
BACTERIORHODOPSIN
Summary of Technical Accomplishments
Biochrome photosensitive films in particular Bacteriorhodopsin exhibit features
which make these materials an attractive recording medium for optical data storage and
processing. Bacteriorhodopsin films find numerous applications in a wide range of
optical data processing applications; however the short-term memory characteristics of
BR limits their applications for holographic data storage. The life-time of the BR can be
extended using cryogenic temperatures [1], although this method makes the system
overly complicated and unstable. Longer life-times can be provided in one modification
of BR - the "blue" membrane BR [2], however currently available films are characterized
by both low diffraction efficiency and difficulties in providing photoreversible recording.
In addition, as a dynamic recording material, the BR requires different wavelengths for
recording and reconstructing of optical data in order to prevent the information erasure
during its readout. This fact also put constraints on a BR-based Optical Memory, due to
information loss in holographic memory systems employing the two-lambda technique
for reading-writing thick multiplexed holograms [3].
Thus, we concentrated our efforts on the solution of the following problems:
1. Investigate volume holograms recording and reconstruction in 2-9_ geometry in the
general case when reference and readout waves are highly divergent spherical beams.
2. Experimentally performed multiplexed holograms recording using available short
life-time BR films in order to verify our theoretical model.
3. Developed the means to circumvent the limitation on the optical storage density
peculiar to the Holographic Memory systems exploiting the 2-X technique.
4. Investigated hologram recording regimes using long life-time states of the BR.
5. Investigated features of the BR for achieving nonvolatile readout of the stored
information.
6. Investigated applications of the BR in the system supporting Optical Memory
modules (SLM, optical interconnection, etc.)
We devised a simplified analysis/calculation scheme for calculating critical
parameters of the holographic memory system employing highly divergent
reference/readout beams and different wavelengths for data recording and reconstruction
[1,2]. Such parameters as relative intensity distribution and (spatially variant) spatial
resolution in the reconstructed image as well as and optimal geometric parameters for the
read/write setups were derived. In addition, the selectivity of the system and cross-talk
between multiplexed holographic images were estimated, and shown to be in agreement
with experimental results [3].
I. We showed that information loss peculiar to the two-lambda hologram read/write
technique can be circumvented using a multilayer recording medium [4]. We
demonstrated theoretically and experimentally that such a system allows one to

significantly increase the storage density of the holographic memory without
decreasingdiffraction efficiency and/or increasingaccesstime as compared to
competingtwo-lambdasystems.
2. We experimentally demonstratedmultiplexed hologram recording in purple
membraneBR-films, whichuntil now (to ourknowledge)hasnotbeenemployedin a
holographic memory system due to short life-time [2,3]. We showed that the
properties of purple membrane BR-films admit two regimes of hologram
multiplexing:
I. The hologramrecording regime providing both long storagetime (-5h) and low
sensitivity(3-4J/cm2) on the wavelength 2_=633nm using for reading-out [3, 5].
The high sensitivity of the readout beam allows one to significantly increase the number
independent accesses in optical memory systems without destroying stored information.
Calculation shows that multiplexing 100 holograms per spot (2x2mm z) (0.1 Gbit) in such
a regime allows 104 readout operations (100 readouts of each hologram) with a decrease
in DE of only 50%. This feature, along with the high value of the storage time, allows
one to consider currently available purple membrane BR-film as an alternative recording
material for constructing, e. g., cache-type memory systems.
II. Multiplexed holograms recorded in parallel and their selective reconstruction in real-
time[2, 3].
This approach incorporates the modification of both angular and shift-multiplexing
hologram encoding techniques along with an incremental exposure regime [4,5].
Holograms were recorded using an M-type recording regime of the BR. We
experimentally demonstrated that by use of this technique one can circumvent the
problems related to both short life-time of the M-state (2 min. for our films) and erasure
of the holographic information during its readout. Thus, we were able to verify
experimentally the calculated parameters of the optical memory using the short life-time
M-state of the BR.
4. We considered the application of the BR (in particular multiplexed holograms
recording in the BR) also for optical data processing.
• We demonstrated theoretically and experimentally that multiplexed holograms
recorded in parallel can be used as an interconnection pattern reconfigurable in
real-time. We presented the basic principles of such interconnections and
estimated some of its parameters [3, 5].
• We showed that the technique of holographic parallel recording [2] can also be
used for multichannel processing of optical signals allowing for significant
increase of data throughput in pattern recognition systems [2].
• We demonstrated that the M-type hologram recording regime in the BR can be
effectively used for constructing an optically addressable SLM [6]. This grating-
type SLM is characterized by the following features:
• high contrast
• high sensitivity
• a flexible transformation regime for optical signals which can be varied by
changing the SLM parameters(relative intensities of the beams forming the
active area of the SLM) to provide:
- either a linear regime(for transformation of both binary and gray-
scale optical signals);
4

Informal Report of Significant Findings
submitted to Charles Gary, Program Monitor, October 1998

Nondestructive readout of the holograms recorded in a Bacteriorhodopsin
A. S. Bablumian, D. J. Mehri, and T. F. Krile
OSL, Texas Tech University, Lubbock, TX 79409-3102
Octorber 21, ! 998
We carded out two experiments examining the possibility of attaining non-volatile
reconstruction of holograms recorded in purple-membrane BR-films.
The first approach is based on the idea that the quantum yield of phototransitions in BR
depends on relative orientation of BR molecules and polarization of the light which launches the
photocycle in BR. If this dependence is significant, then one can suppose that the hologram
recorded in oriented BR-films can be reconstructed at the same wavelength without erasure using
appropriate polarization of the readout beam. The experiment supporting this assumption was
carried out using the setup depicted in the following figure:
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We project the blue image on the surface of BR-film constantly illuminated by red light
and observe the modulation of the red light at different relative polarization orientations of the
blue and red beams. To enhance the modulation contrast we employ a Mach-Zender
interferometer geometry (see the figure) allowing us to subtract the 0-order component of the
readout red beam and observe only its modulated part.
The images observed in these two polarization cases are in the next fi are:
LI VE 1/188gS
The difference between the image contrast was estimated to be as high as 5 times, and cannot be
explained by induced anisotropy of the BR. If we assume that the modulation takes place in the
M-type regime, then the most probable explanation is that red light selectively excites the BR

molecules having the appropriate orientalion, and the back transitions of those excited BR
molecules depends on the blue light polarization. The explanation of the low contrast image
observed at orthogonal polarization can possibly be attributed to an alternative process where the
blue light excites other BR molecules not previously excited out of the base state.
The investigation of the holograms recorded in BR in its initial state by blue light led us to
results showing that the process cannot be considered as an M-type hologram recording. A
hologram was recorded by blue and reconstructed by red light. We found that holograms recorded
by only blue light and then reconstructed by red light have a life-time around 5 hours and very
low sensitivity relative to red readout light(-3J). Illumination by the red light (readout process)
brings the BR to the state where only the M-type regime predominates. The initial BR-state (i.e.
erasure to ready the BR for new recording by blue light) is recovered by spontaneous decay in
about two days, or by exposing to light with 380-400nm wavelength. In the following table we
compare the parameters of holograms recorded by blue light before and after readout by the red
lJ ht.
Illumination by red light before or
during recording
2min O.lmJ 4 - 8%*
* Varies with type of purple membrane film used.
The mechanism of this recording regime is not yet clear - apparently this is a Q-type
regime which exhibits a behavior somewhat different from that described in the literature.
We are continuing the investigations, but even now the results are thought to make purple
membrane BR-film an alternative material for constructing, e. g., cache-type memory systems.
The figures in the table indicate that such a recording regime can provide a significant number of
independent accesses in optical memory systems without destroying stored information.
Calculation shows that multiplexing 100 holograms per spot (2x2mm 2) (0. l Gbit) in such a
regime allows 1000 readout operations with a decrease in DE of only 50%.
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BRIEF SUMMARY OF PROGRESS OVER THE LAST YEAR:
1.) We devised a simplified analysis/calculation scheme, based on coupled mode theory, for
calculating critical parameters of our two-lambda holographic memory system. Our system[ 1],
which used highly divergent spherical beams ( via optical fibers) for both the reference and
readout beams. Such parameters as relative intensity distribution, (spatially variant) spatial
resolution, optimal parameters for the readout beam, and optimal geometric parameters for the
reconstruction beam were derived. In addition, cross-talk between successive multiplexed
holographic images was estimated, and shown to be in agreement with experimental results.
2.) We estimated the storage density achievable with BR-based holographic memory employing
the aforementioned two-lambda technique, and suggested yet another multi-layer architecture[2]
to allow an increase in storage density. We showed that this method afforded several advantages
over rival methods, such as; (a.) increased selectivity without the partial loss of information
inherent to two-lambda geometries, (b.) increased diffraction efficiency, and (c.) decreased
access time.
3.) We investigated a hologram multiplexing technique employing both incremental recording
and shift multiplexing, and showed that this hybrid approach allows one to multiplex (in parallel)
a number of holograms within the same physical volume of the BR medium. We experimentally
demonstrated that by use of this parallel recording technique the following optical BR-based
memory systems can be realized:
- Short-life-time BR films (purple membrane) can be used for holographic multiplexing.
We recorded (10) holograms (each containing IMbit of information) in the same 0.01 square inch
spot of the BR film, and selectively reconstructed all information contained in each hologram
(using the two-lambda approach). The recording rate was 10Mbits/sec. Extrapolating on these
parameters, we estimate a 36Gbit data capacity on a 6 x 6 inch BR disk.
- The parallel multiplexing of point-source beams can provide the adaptive interconnection
between 2-D arrays of lasers and photo-detectors (e.g. optical crossbar switches and multi-
channel processing of optical signals).
4.) We experimentally demonstrated that the scattering noise of the BR, which limits the number
of spatially overlapping holograms, can be significantly suppressed using filtering holograms,
while having no detrimental effect on the reconstructed images.
PROPOSED FUTURE WORK
The previous results, along with the results of other preliminary experiments, lead us to
suggest the following approaches (for future research) for significantly improving the
performance of BR-based holographic memories.
1.) First, we plan on increasing the number of holograms that can be recorded within the same
physical volume of the BR film (as mentioned above, we can currently record 10 holograms per
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spot)andinvestigatethemaximalattainablestoragedensityin theBR-basedopticalmodules.Our
preliminaryexperimentshowedthepossibilityof multiplexing100hologramsper2.5x 2.5
(ram2)spoton100micronthickBRfilm (usinga lOOmsexposuretime),to attain0.5Tbit
capacityfora6 in.x 6 in.x !00micronrecordingarea.
In order to increase storage density, we would concentrate our effort in two directions:
- We would continue our investigation of the incremental recording technique. In particular, for
recording 100 holograms in parallel it is necessary to significantly increase (temporal) switching
frequencies between reference beams (we currently use an array of fiber-optic based reference
beams) using, e.g., a scanning mirror or an acousto-optic deflector.
- Reduce bit error rate during detection of weak signals by use of holographic filters to reject
noise (see Fig. 1). We would investigate use of such filtering for a variety of recording geometries
and recording materials.
2.) The properties of BR allow us to directly amplify weak optical signals. This feature could be
exploited for the purpose of increasing the number of spatially overlapping multiplexed
holograms (this increasing storage density). One of the possible approaches is based on the high
spatial resolution of BR, and the fact that the state transition time is finite (-50 microseconds).
Since absorption and refractive index varies significantly with states (e.g. between the M and BR
states), the BR film can be exploited to act as a "trigger". First, we can increase the intensity of
the image being detected using scale compression, i.e., demagnifying the image increases the
intensity). The high spatial resolution of BR-films allows us to increase the intensity by at least an
order of magnitude. Then, let us assume that a BR-film is continuously illuminated by a red light,
which holds it in the excited M state. A (weak) reconstructed image, propagating on a blue light,
is projected on the BR film surface, locally initiating the M --) BR photo-induced transition.
Simultaneously, the red light pushes BR molecules back to the excited M state. Naturally, the
state transitions reach a steady state equilibrium, but the blue light image spatially modulates the
BR film, also spatially modulating the (stronger) red light that ultimately is transmitted through
the BR film. The red light, which now carries the (strengthened) image, can now be detected (in
negative contrast) using, e.g., a CCD camera. Experimental results demonstrate the ability to
detect weak optical signals in this manner.
An alternative approach is to "pump" the BR film with blue light, and modulate the BR
with the image cast onto the BR surface using red light. In this case, we again obtain
amplification, although the (amplified) output image (now with positive contrast) is now formed
from the transmitted blue light. Experimental results show that this approach generally gives
improved contrast ratio. However, disadvantages include the fact that silicon CCD detectors are
generally less responsive to blue light than to red. In addition there are additional problems
associated with the fact that some of the "intermediate" BR states are also photo-reversible.
In both cases, we employ the optical subtraction of the non-modulated part of the readout
beam to increase image contrast. The amplification effect that we have observed could be
enhanced significantly by the availability of thin films (-5 microns) having higher density of BR
molecules.
3.) Normally, holographic memory systems simultaneously employ multiple read/write setups
(for each layer), in order to enhance storage density (Figure 2a). This results in prohibitive cost
and bulkiness of the system (e.g. requiring multiple SLMs, and/or CCDs etc.).
In order to reduce the cost of the system and make it more compact, we propose a wave-
guide access scheme for reading and writing to a multilayer disk, that will use a common read-
write access setup for all layers. The problem of selective recording and readout can be solved
using reference and readout beams propagating in planar wave-guides placed between adjacent
BR layers (see Fig. 2, 3a). A common write beam would be introduced into the wave-guides by
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meansof edgecouplingfor theinput,andcoupledviaasurfacegratingfor theoutput.A
combinationof spatialandphasemultiplexingcanalsobeemployedtoenablesignificant
multiplexingwithinagivenlayer.Thebeamsin theoutputof thegratingG locallyilluminatetile
particularspotofeachBRlayerwherethehologramscanbemultiplexedusingphase ncoding
methods.By rotatingthemultilayermediumrelativeto thestationaryopticalcomponents
(includingthewaveguide),wecanspatiallymultiplexthesetof phase-modulatedhologramsover
theentireareaof therecordinglayer.
Accesstoanindividualayer(seeFig. 3b) is provided as follows: Each read/write beam
is formed by one of the phase code holograms recorded on the rotatable disk DI, and coupled into
the waveguide layer through its edge (see Fig. 3a). Figure 3b shows the recording geometry used
to form a set of orthogonal phase code beams at the output of the grating (G). The interferometric
mirrors, placed above each BR layer, have band-pass characteristics tailored to pass the
reconstruction beam, while rejecting the readout beam.
This method, which incorporates phase encoded reference beams propagating in planar
geometry, can potentially provide a significant boost in storage capacity. It would also be of
interest to investigate alternative geometries for phase multiplexing. As a next step, we would
investigate use of angular multiplexing, which can potentially provide even higher storage
density.
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OTHER IDEAS
1.) Optical networks: We have shown experimentally that the incremental recording of several
point source beams at one wavelength forms, in real time, holograms which can effectively link,
using a different wavelength, a particular laser source element (one of many in an array of point
source elements) to a particular detector element (again, one of many detectors). The holograms
are recorded on BR film using the M regime, in a way that the resulting optical interconnections
are dynamically reconfigurable. Figure 4 illustrates, conceptually, the proposed interconnection
geometry.
Each laser and detector corresponds to a point on SLM1 and SLM2 respectively. Thus to
establish, e.g., a one-to-one connection between N lasers and N detectors we need to find the
corresponding pair of coordinates on SLM1 and SLM2, and expose the BR switching between
these pairs in accordance with the incremental recording technique[1 ]. The address of the
individual connection can be changed in real time (by changing the coordinates of the
corresponding points displayed on the SLMs) during a time interval on the order of 50
microseconds (the time required for the BR -'-) M state transition). In the same manner, one-to-
many (broadcast) connections as well as many-to-one connections can be realized.
2.) We are planning to investigate the following features of BR films which potentially could
provide hologram reconstruction without erasure.
- It is known that the change in refractive index due to the photo-stimulated transitions of BR
states can occupy a BR volume several times larger than that of the BR molecule itself. Using this
property, the following readout technique is proposed:
A BR film is illuminated by an interferometric pattern form by two (blue) plane waves.
Let us assume that we choose the period between the fringes to be less than the spatial resolution
limit of the BR. A hologram is successively recorded using red light. Recording takes place only
in the part of the BR film where the intensity of the interferometric pattern (formed by the blue
light) is minimal. Thus the other areas (where blue light induced fringes are at non-minimal
intensity) are excluded from recording with red light, as the blue light in those areas drives the
BR back to the base (BRo) state. Illumination of the BR molecules located in the areas of minimal
(blue) intensity leads to a change of refractive index of the BR in an area that actually extends
well out from the areas of minimal intensity due to the blue light interference. Hence, if one ot the
blue beams is Bragg-matched with the hologram being recorded by red light, in this case the
beam will effectively diffract the hologram without its erasure..
Finally, another promising idea might allow nondestructive readout using BR films with
oriented membranes. All current investigations are concentrated on fixing the data recorded in the
excited M-state by applying an external electric field to the oriented BR molecules. It would be
interesting to consider the opposite problem: investigate the decay of the sensitivity of the BRo
(ground state) vs. applied electrical bias. If this effect is significant and we can "lock" the
sensitivity of the BR, the following process of hologram recording/readout could be employed.
A hologram is recorded using red (or yellow) light. Then, at the readout stage, and
electrical bias is applied, which renders those areas of the BR that are in the BR0 state relatively
insensitive. Thus subsequent red light does not affect the initial state of the BR. At the same time
the red light does not change the excited M-states (which are sensitive mainly to blue light
wavelengths). Thus, upon reconstruction using red light, the red light will not erase the hologram.
Of course, this approach would be practical only if the applied electric field does not dramatically
alter the life-time of the BR (i.e. the thermal M "-) BR0 transition).
15

Preliminary Budget Discussions:
Realizing the uncertainties in NASA funding, we anticipate that we would request a
smaller budget. Because we have already acquired the necessary strategic capital equipment items
necessary to conduct the proposed research (e.g., a precision motorized translation/rotation stages
and a CCD equipped with an image intensifier), we would likely not need to request capital
equipment in the upcoming proposal. In addition, we will not request secretarial support, would
request a significantly reduced amount for office supplies, and would request reduced summer
salary for the faculty involved (Drs. D.J. Mehrl and T.F. Krile). A significant portion of the
budget would be dedicated towards providing salary for Research Associate A.S. Bablumian. It is
anticipated that the budget request would be in the range of $80k to $85k.
BR
FH
COD
Fig. 1: Noise rejection during hologram reconstruction.
BR, recording media; FH, holographic filter; Im, output image.
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a)
.b)
BR2
Fig. 2: Holographic memory a) standard current setup; b) the setup with waveguide
access scheme.
G, planar waveguide coupling reference beams with individual layer; D_, rotatable disk
with various phase code holograms; rotatable disk for selecting layers; L, focusing lens.
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IM
BR
J
WG
!
CCD
Reconstructed
image
(_ Rotatable
multilayer disk
k ,
reference beam
01 Rotatable
holographic disk
with phase codes
\
Fig. 3(a). Readout geometry with phase-coded reference beams.
IM, interferometric mirror; BR, recording layer; WG, planar waveguide with input-output
grating.
_SLM , D1
Fig, 3(b): Recording geometry of holographic disk with phase codes (for one layer only).
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\
\
\
SLM1
/
/
SLM2
BR
L
DA
Fig. 4: Optical network.
LA, lasers array; DA, detectors array; SLM 1 and SLM2, spatial light modulators; L,
projecting lens; P, image plane of the lens L.
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:,i SLM
Fig. 5: The geometry of non-volatile reconstruction of hologram recorded in thick BR-
film.
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Power Point Presentation for Invited Paper at LEOS, '97
Presenter: David J. Mehrl
"Applications of Bacteriorhodopsin for Optical Data Storage and Processing," (Invited paper - D.
Mehrl presenter), LEOS '97 Annual Symp. on Electro-Optic Sensors and Systems, (w. T.F. Krile,
J.F. Walkup and A.S. Bablumian), San Francisco, CA (1997).
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Programmable spatial
filtering with bacteriorhodopsin
M. Storrs, D. J. Mehrl, and J. F. Walkup
We describe a programmable spatial-filtering system using bacteriorhodopsin (BR) film as a program-
mable, optically addressed spatial light modulator illuminated by a single wavelength of light. We use
a computer-controlled mirror scanning system to write time-varying filter functions to the BR film and
present proof-of-principle experimental results that demonstrate several elementary filtering operations.
© 1996 Optical Society of America
Key words: Bacteriorhodopsin, spatial filtering, scanning systems, spatial light modulators.
1. Introduction
Fourier-plane spatial-filtering systems frequently
suffer from a lack of flexibility, especially when stan-
dard photographic film is used as the spatial light
modulator (SLM) bearing the filter function. Bacte-
riorhodopsin (BR) offers a flexibility not present with
photographic film by serving as a reprogrammable,
optically addressed SLM. A previous spatial-filter-
ing system employing BR film and two wavelengths
of light I exhibited a lack of flexibility in that the filter
function was static. Our approach differs from pre-
vious systems by using a single wavelength of light
and a computer-controlled, mirror-based flying-spot
scanner to write the filter function to the BR film.
We exploit the retention properties of the BR film to
make scanning a feasible technique. Taking advan-
tage of the photocycle of BR film allows us to update
the filter function. This arrangement combines the
optical advantages of BR films with the simplicity of
scanning systems to achieve a flexible spatial-filter-
ing system.
BR film contains the photochromic protein bacte-
riorhodopsin found in the purple membrane cell wall
of the salt-marsh bacterium, Halobacterium halo-
bium. 2 The protein molecules are extracted from
the bacterial cell and deposited on an optically flat
substrate. The BR molecule is characterized by cy-
The authors are with the Optical Systems Laboratory, Depart-
ment of Electrical Engineering, Texas Tech University, Lubbock,
Texas 79409-3102.
Received 5 September 1995; revised manuscript received 6
March 1996.
0003-6935/96/234632-05510.00/0
© 1996 Optical Society of America
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clical photochromic changes. The BR molecule has a
characteristic wavelength-dependent photoabsorp-
tion profile for each of the molecular states in its
photocycle. A simplified depiction of the BR photo-
cycle 2 is shown in Fig. 1. The BR molecule is ini-
tially in the BR state and has an absorption
maximum at 570 nm. At illumination by light of a
wavelength near the absorption peak, the BR mole-
cule undergoes a rapid (-3-ps) photoinduced transi-
tion from the BR state to the short-lived (-1-_xs)
intermediate K state. BR then undergoes a rapid
(-50-_s) thermal relaxation to the M state in which
it has an absorption maximum at 410 nm. The M
state is relatively long lived, with a lifetime depen-
dent on the relative humidity and pH of the environ-
ment in the manufacturing of the films :_and can vary
from a few milliseconds to hours. The films used in
our experiments had M-state lifetimes of approxi-
mately 10 s. The molecules in the M state transition
back to the BR state through thermal relaxation. As
an alternative, the molecules in the M I410-nm) state
can be forced back to the BR (570-nm) state by the
absorption of light near the second wavelength (410
nm). This provides an effective method to erase the
films. The absorption spectra of the various photo-
cycle states 4 are shown in Fig. 2. Note that the ab-
sorption peaks for the BR and M states are shifted
with respect to each other, although there is a signif-
icant overlap.
BR holds promise as a SLM because of its high
sensitivity (typically 30-80 mJ/cm2), rewritability
(more than 1 × 106 cycles without observable degra-
dation), •_ fast response (typically 50 _s), _ high spatial
resolution (exceeding 5000 lines/mm) 7 because of the
small molecule size, long-term physical and chemical
stability, and ease of manufacture, s
J
J
1(} s (
\
BR
M
570 _ 3
X2 '_] ps
K610
41(1/50 gs
Photoinduced transition
Fig. 1.
sin.
mr:>.
Thermal relaxation
Simplified depiction of the photoeyele for baeteriorhodop-
At constant illumination with light of a single
wavelength (e.g., 514 nm, one of the predominate
lines of an argon-ion laser), the BR molecules un-
dergo a photoinduced transition from the BR state to
the M state, and simultaneously molecules in the M
state transition to the BR state through both thermal
relaxation and photoinduction. A steady-state pop-
ulation of molecules in the M state is quickly achieved
(because of the 50-_s response time), and the absorp-
tion (and consequently the local intensity transmit-
tance) of the BR film takes on a value dependent on
the intensity of the incident illumination• The in-
tensity-dependent transmittance of a thin BR film
can be described by I T(/) = exp[-_(/)d], where • is the
local intensity transmittance of the BR film, _(/) is
the intensity-dependent local absorption coefficient,
and d is the thickness of the film. Illuminating the
BR film with a relatively intense write beam allows
the resulting intensity-transmittance pattern to be
used as a SLM for a less intense object beam.
Scanning systems offer high spatial resolution,
Beam Splitter AO Cell
J ArgonLaser I_M_ hutterl_] 21/Mirror _l
fM 2 Scanning [Shutter 2 Object L I Syslem
M : Beam N-D FP' j_0 _'_- "FP M 4
Expander Filler _""'_ L2 0
JXBR Film 5 M 6
M 5 1.3 CCD
Camera
Fig. 3. Schematic diagram of the dynamic spatial-filtering system.
economy, and convenience when compared with
costly SLM's. The relatively long retention time of
our BR films (-10 s) provides ample time for our
mirror-based scanning system to write a complete
filter pattern to the BR film. Time concerns can be
further alleviated by the use of a high-speed scanning
system, such as an acousto-optic (AO) scanning sys-
tem.
The BR film also undergoes local changes in the
refractive index on illumination. 9 This spatial re-
fractive-index distribution will, in general, modify
the system output; however the filter functions we
wrote to the film were binary in nature, so the trans-
(a)
-q
-e
ea
<
1,2
I
(1.8
[1,6
(L4
0
-- BR 570
/ k/N• •'••'''''' " ..... K610
// •.."_\ " "7"-" M 410
Wavelength (rim)
Fig. 2. Absorption spectra of the intermediate states in the pho-
tocycle ofbacteriorhodopsin: BR 570, BR state at 570 nm; K 610,
K state at 610 nm; M 410, M state at 410 nm. Fig. 4.
(b)
Images of {a) the test object and (b) its Fourier transform.
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(a) (c)
(b) (d)
Fig. 5. Filter functions demonstrating dynamic spatial filtering with (a) a directional low-pass filter highlighting vertical elements, (b)
a directional low-pass filter highlighting horizontal elements, (c) a directional bandpass filter emphasizing vertical elements, and (d) a
directional bandpass filter emphasizing horizontal elements.
mitted object beam experienced a constant phase
shift. Consequently the effects of refractive-index
variations could be neglected in our experiments. In
a system in which continuous filter functions are
written to the BR film, additional analysis may be
required to assess the effects of the resultant phase
modulations.
2. Experimental Setup
The proof-of-principle dynamic spatial-filtering sys-
tem we investigated is shown in Fig. 3. An argon-
ion laser beam, operating at the 514-nm line and at
approximately 50 roW, with a beam diameter of ap-
proximately 1.3 mm, was split into an object beam
and a filter write beam. A pair of shutters are in-
cluded to block the filter write beam and the object
beam between experimental runs. The expanded
beam illuminating the input object was passed
through a neutral-density (N-D) filter with an optical
density of 2 to produce a low-intensity object beam, so
as to minimize the relative transmittance changes it
produces in the BR film. The object beam was ap-
plied continuously throughout the run of the experi-
ment. Lens L1 (f = 910 mm) forms the Fourier
transform of the object at the plane marked FP. For
convenience we positioned lens L2 (f = 150 ram) to
4634 APPLIED OPTICS / Vol. 35, No. 23 / 10 August 1996
magnify the Fourier distribution of the object at the
plane marked FP' by approximately a factor of 4.
We placed the SLM bearing the filter function at this
plane to pass the desired frequency components of the
input object selectively. Lens L3 (f = 910 mm) im-
ages the filtered object beam onto a CCD camera that
serves to record the resulting filtered and demagni-
fled (by approximately a factor of 0.25) image. A
frame grabber was used to record a single frame of
the CCD camera image.
The filter function was written to the BR film by a
computer-controlled scanning system. An AO cell
was positioned in the filter beam to serve as a high-
speed shutter by deflecting the filter beam into the
two-dimensional (2D) mirror-based scanning system.
In a more sophisticated system the AO cell could also
serve to amplitude-modulate the intensity of the filter
write beam. Filter functions were written dynami-
cally to the BR film, and we relied on the film's ther-
mal relaxation to erase the filter. In our
experiments the filter write beam was positioned at
an angle with respect to the object beam. This pro-
vided the advantage of simultaneous exposure of the
BR film to the object beam and to the filter write
beam without exposure of the CCD camera to the
intense filter write beam. Lens L4 (f = 500 ram) is
(a)
size either the horizontal or vertical elements, respec-
tively, of the object and to low-pass-filter the
remaining elements. We obtained the directional
bandpass filter by writing a pair of spots to the BR
film on the vertical or horizontal axis in the Fourier
plane and locating them symmetrically with respect
to the center of the Fourier plane. This filter serves
to emphasize either the horizontal or vertical ele-
ments of the object at the spatial frequencies specified
by the distances of the spots from the center of the
Fourier distribution. These filter functions were se-
lected for their ease of implementation and are shown
in Figs. 5 superimposed on the Fourier spectrum of
the object. Because of the relative intensities of the
object and the filter write beams, only the central
portion of the Fourier spectrum is visible in these
figures. Striations in the images are largely video
artifacts from the frame grabber.
An arbitrary filter function may be written to the
BR film if the filter beam is scanned across the BR
film and the intensity of the filter beam is modulated.
This written function may be achieved if the mirror
system is moved so as to scan the write beam in a
tight spiral, thus minimizing abrupt mirror transla-
tions and continuously modulating the intensity of
the beam with an AO cell.
(b)
Fig. 6. Filtered images obtained by the use of(a) a vertical-ele-
ment pass filter and (b) a horizontal-element pass filter.
positioned to demagnify the spot diameter in the FP'
plane by a factor of approximately 0.25. The write-
beam spot diameter was approximately 0.3 mm.
The energy density used in the filter write beam was
approximately 10 mJ/cm 2.
The test object chosen for our proof-of-principle ex-
periments was a U.S. Air Force resolution-test-chart
pattern consisting of vertical and horizontal stripes
at varying spatial frequencies. The test mask has
an overall aperture of approximately 12 mm and spa-
tial frequency components ranging from 1 line
pair/mm to 228 line pairs/mm. The Fourier trans-
form of this object lies primarily along the vertical
and horizontal axes in the Fourier plane. We took
advantage of this fact in choosing the filter functions
to be written to the BR film. The object and its
Fourier spectrum are shown in Figs. 4(a) and 4(b),
respectively. The blurring seen in Figs. 4 is largely
an artifact of the frame grabber. The enlarged cen-
tral portion of the Fourier spectrum in Fig. 4(b) is a
result of blooming in the CCD camera.
The filter functions chosen to demonstrate dynamic
spatial filtering were directional low-pass and band-
pass filters. We implemented the directional low-
pass filters by writing a transmissive stripe to the BR
film along either the vertical or horizontal axis in the
Fourier plane. This filter function serves to empha-
3. Experimental Results
Experiments were conducted with a time-varying di-
rectional filter that alternately emphasized the ver-
tical and horizontal elements of the object. Single
frames of the results obtained with both filters are
shown in Figs. 6. For presentation purposes the
contrast of the images has been maximized. We ob-
serve from Fig. 6(a) the enhanced vertical stripes and
the blurred horizontal stripes of the test object that
result from low-pass filtering. From Fig. 6(b) we
observe the enhancement of the horizontal elements
of the object and blurring of the vertical elements,
again resulting from low-pass filtering. Dynamic fil-
tering was demonstrated by the alternate application
of the vertical-element filter for approximately 1 s;
this was immediately followed by the application of
the horizontal-element filter function for approxi-
mately 1 s.
Additional experiments were conducted by use of
an alternating bandpass filter that was also dynam-
ically altered to pass decreasing spatial frequencies.
This dynamic alteration serves to emphasize the ob-
ject's vertical and horizontal elements of decreasing
spatial frequencies alternately. A time sequence of
these results is shown in Figs. 7. The images in
Figs. 7 were captured under the same conditions, and
the relative increase in brightness for different spa-
tial frequencies is due to spatial filtering. For pre-
sentation purposes the contrast of the images has
been maximized. In Figs. 7(a) and 7(c) the effects of
a vertical-element bandpass filter of varying spatial
frequencies is demonstrated. In each of these fig-
ures the horizontal elements of the test object are
blurred and the vertical elements of the spatial fre-
quency that was specified by the filter function are
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Fig. 7. Filtered images obtained with bandpass filters of differing spatial frequencies:
and _b) and (d) show horizontal-element filtered images.
(dl
la) and let show vertical-element filtered images
enhanced. Figures 7(b) and 7(d) illustrate the effects
of horizontal-element bandpass filters of varying spa-
tial frequencies. Figure 7(d) shows horizontal ele-
ments of a higher spatial frequency emphasized in the
upper right-hand corner of the image; Fig. 71c} shows
vertical elements of a higher spatial frequency empha-
sized in the middle left-hand portion of the image.
Figure 7(bt shows horizontal elements of a lower spa-
tial frequency in the upper left-hand corner of the im-
age; Fig. 7(a) shows vertical elements of a lower spatial
frequency emphasized in the upper center portion of
the image. Dynamic filtering was demonstrated by
the alternating application of vertical and horizontal
bandpass filters (again, each filter was applied for ap-
proximately 1 s) and the selection of progressively
lower spatial frequencies by means of decreases in the
distance between the spot pairs.
4. Conclusion
In summary, the use of BR films in conjunction with
a scanning system has been demonstrated as an op-
tically addressed spatial light modulator in a pro-
grammable Fourier-plane spatial-filtering system.
Experiments have demonstrated several elementary
filtering operations.
The authors acknowledge the support of this re-
search by the NASA Ames Research Center under
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grant NAG2-878 and thank Bend Research, Inc., for
providing the BR films used in the experiments.
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M-type thick holograms in bacteriorhodopsin films
with a high-divergence reference beam
Arkady S. Bablumian, Thomas F. Krile, David J. Mehrl, and John F. Walkup
The capacity to use differing read and write wavelengths for reconstructing volume holograms recorded
in a shift-multiplexing geometry is analyzed and realized for M-type volume holograms recorded on
bacteriorhodopsin films. The intensity distribution in the reconstructed wave is calculated as a function
of the parameters of the recording and readout beams. Optimal recording and retrieving geometries, as
well as a precise method for tuning the readout setup, are suggested. _) 1998 Optical Society of
America
OCIS codes: 090.0090, 090.7330.
1. Introduction
High-capacity storage of optical information can be
achieved by holographic recording throughout the
volume of a thick medium. 1 The strong sensitivity
of thick holograms to the parameters of the recon-
struction beam allows one to multiplex many holo-
grams in the same volume and then read them out
selectively. The simplest way to retrieve any de-
sired hologram is to use a readout beam identical in
all respects to the reference beam used for recording.
At the same time, for nondestructive retrieval of
stored holograms it is necessary either to fix them or
to reconstruct them at wavelengths to which the ma-
terial is insensitive. (The latter is of particular in-
terest in the general area of real-time optical data
processing.) In general, changing the readout wave-
length will change not only the output's orientation
tin accordance with the Bragg condition) but also the
shape of the wave front. This leads to both a loss of
information in the object beam and difficulties asso-
ciated with the synthesis of a readout beam with a
complicated wave-front shape.
Hologram reconstruction with different wave-
lengths that employs distortion compensation during
reconstruction by means of changing the curvature of
the readout wave front was described in Ref. 2. In
the paraxial approximation using the coupled-wave
The authors are with the Department of Electrical Engineering,
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theory, the authors calculated the optimal parame-
ters for the readout beam (focal length} and assessed
the width of the reconstructed spherical beam. Un-
fortunately, under the approximations used in Ref. 2
this approach cannot be applied for analyzing several
interesting hologram-multiplexing geometries for sit-
uations in which recording beams are highly diver-
gent spherical waves. Such a geometry was
investigated in Ref. 3, which described a hologram of
an information-bearing signal considered to be a su-
perposition of plane-wave elemental holograms with
the same spherical reference beam. The plane-wave
object beam of each elemental hologram represented
a single component of the signal. This approach al-
lowed the authors to calculate the optimal parame-
ters of the reconstructing beam--a shift parameter
characterizing hologram selectivity--and an assess-
ment of maximal resolution in the reconstructed im-
age.
In this paper we apply another approach in which
we consider the relative change of the intensity dis-
tribution in the frequency plane of the signal. For
an arbitrary wavelength we calculate the reconstruc-
tion of the points of the Fourier transform of a signal
by considering the hologram as a superposition of
elemental holograms, each being formed by two point
sources. We show that, besides the parameters
mentioned above, such an approach allows one to
assess distributions of both relative intensity and res-
olution along the reconstructed image. These pa-
rameters are then compared with values derived
experimentally.
It is necessary to note that the readout beam has to
be calculated and oriented with respect to the holo-
gram with high accuracy, according to the shift se-
XFig. 1. Geometry of the recording and readout rays. Here t and
T denote the transparency and its scaled Fourier transform, re-
spectively, i represents the reconstructed image, and OF denotes
the optical fiber.
lectivity of a chosen setup. "_ Since the orientation
has three degrees of freedom and recording beams
have to be measured with the above-mentioned accu-
racy, it becomes clear that the results cannot be ap-
plied easily without some practical method of finding
the optimal location of the readout beam. So our
next step was to develop a method for tuning the
readout setup. Finally, experimental verification of
the theory is demonstrated by use of M-type holo-
grams in bacteriorhodopsin (BR) films.
2. Theory
Let the hologram be recorded by the reference u i and
object u2 waves, as shown in Fig. 1. In both record-
ing arms the laser beams are expanded and then
point focused. This allows both the formation of a
spherical reference beam and the insertion of the
information into the object arm by use of a transpar-
ency with transmittance t. The scaled Fourier
transform of t is produced at the plane of the beam
focus [(x 2, Y2) in Fig. 1]. Here we let (Xl, Yl) desig-
nate the coordinates of the spherical reference source
and (x 2, Y2) designate the coordinates of the zeroth-
order component of the Fourier spectrum of transpar-
ency t.
The hologram of transparency t can itself be re-
garded as the superposition of an array of elemental
holograms, each being formed by a pair of spherical
beams whose sources are located at the point (x,, Yl)
and one of the points of the Fourier plane [(x 2 + Ax,
Y2 + Ay) in Fig. 1]. The hologram of the zeroth-order
component of the Fourier spectrum T [H(Ax, Ay) =
H(0, 0)] will determine the background in the recon-
structed image I, whereas the holograms of higher-
order components [H(Ax, Ay)] will determine its
resolution. It is evident that each elemental holo-
gram can be reconstructed by the beam whose pa-
rameters coincide with those of one of the recording
beams. The existence of reconstructed beams whose
wavelengths differ from the recording wavelength be-
comes clear from the following: Each elemental
hologram is recorded by point-source beams; there-
fore any of its small parts is described by the constant
grating vector K. This means that, for an arbitrary
wavelength X in every point (x, y) of the elemental
hologram, two rays (incident and diffracted) oriented
at the Bragg angle to the grating vector K are deter-
mined unambiguously. The lattice of rays combines
to form only two beams that can be diffracted by this
hologram and that, generally speaking, for an arbi-
trary wavelength X are not spherical.
Let us consider hologram reconstruction by a
spherical wave u 3 with coordinates (x 3, Y3) and de-
termine the Bragg mismatch angle 5 for its rays at
every point of their crossing within the hologram.
Let us also consider the cone of rays emanating from
(x3, y._) with an average spatial frequency _k. The
angular aperture of this cone of rays we choose is
small enough to consider it to be a plane wave. Our
purpose is to define the conditions under which (1)
the intensity change along the cone in hologram H is
equivalent to (2) the intensity change of a plane wave
incident on a plane diffraction grating. Such an
analogy will allow us to assess the diffraction in the
case 1 by calculation of the diffraction in case 2 in
accordance with the coupled-wave theory. 4 Under
suitable approximations, described below, the inten-
sity of the plane wave in the output plane of the
equivalent diffraction grating will be equal to the
output intensity of the cone of rays. Continuing this
procedure for all _k, we can calculate the output in-
tensity arising from the source u3. Then one can
calculate the intensity distribution of the diffracted
beam for each elemental hologram H, considering the
sum of the incident and diffracted beams to be con-
stant. The sum of the elemental holograms corre-
sponds to the Fourier spectrum of the transparency
T, by which we can estimate the resolution in the
reconstructed beam.
First, let us consider the main arguments support-
ing the proposed approximation, as well as the limits
of its applicability. The diffraction process is deter-
mined mostly by the direct energy diverted from the
incident into the diffracted beam when the values of
the diffraction efficiency (DE) are low (typically the
case for BR). It follows from the fact that the am-
plitude change of the incident wave is proportional to
the amplitude of the diffracted wave, and vice versa,
that the amplitude change of the diffracted wave is
proportional to the amplitude of the incident wave. 4
Therefore the diverted energy proceeds mainly in one
direction when the difference between the ampli-
tudes of the interacting waves is large. Let us ne-
glect the influence of the parameters of the diffracted
beam on the intensity change of the incident beam.
This assumption and the fact that the incident rays
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Fig. 5. Photographs of transparency t from hologram H and the corresponding plots of reconstructed beams from two elemental
holograms, H(r = 0) [upper traces) and H(r 1 mm) (lower traces), in the exit plane of hologram H for (al Q - 100, (b) Q = 300, and (c)
Q = 750.
molecules, transforming them into the M-state ready
for recording with blue light. Using M-type holo-
grams allowed us to investigate the two-lambda
method a of constructing the holographic memory and,
simultaneously, to change and compare in real-time
the recording and readout parameters.
Mutant variant BRDg_N films with a thickness of
100 gm were used. A hologram of a standard U.S.
Air Force test pattern was recorded at X = 458 nm
and reconstructed at X = 633 nm. The setup geom-
etry for recording and reconstruction was chosen ac-
cording to the theory described in Section 2, enabling
us to compare the experimental results with the re-
sults derived theoretically (see Figs. 2-4).
As was pointed out above, in a recording regime
with a high sensitivity to shift the process of finding
the location of the readout beam with the given pa-
rameters becomes a difficult problem practically.
This is particularly true for high values of the Klein
parameter Q. For optimally tuning the readout
setup the following method was suggested and uti-
lized: The thick recording medium was first re-
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placed by a structure consisting of two separated thin
films. A hologram recorded in such a structure, in
contrast to a common thick hologram, can be recon-
structed by readout beams of any orientation. This
forms two images that are propagated, in general, in
different directions. On optimal orientation of the
readout beam these directions coincide, and inter-
ferometric fringes of overlapped images coalesce into
one fringe. From the maximal size of this fringe one
can judge the accuracy of the reconstruction source
location.
For modeling the volume medium a 1-mm glass
plate with photoresist layers on both surfaces was
used. The readout beam was formed by use of a
piece of optical fiber to facilitate precise positioning of
the point source. After finding the optimal position
for the reconstruction source, we then replace the
model medium with the BR film. We also devised a
technique (not discussed here for the sake of brevity)
to compensate for the fact that the overall thickness
of the model medium and the BR film are not the
same.
Figure5presentsphotographsoftheU.S.Air Force
test-patternimagereconstructedfrom the BR film
with differentvaluesof theQ factor. For compari-
son, next to each photograph we show plots of the
intensity profiles of beams diffracted from two ele-
mental holograms, H(0, 0) and H(r = I mm), recorded
in the corresponding geometry. As was pointed out
above, a sufficient DE for these two elemental holo-
grams automatically ensures a sufficient DE for all
elemental holograms H([r] -< 1 mm) (remember that
r is the coordinate in the frequency domain). With
the parameters of the beam u 2 taken into account, it
is easy to calculate that the reconstruction ofa l-mm-
extent u 2 in the frequency plane provides a 30-_xm
resolution in the reconstructed image [Eq. (2.71]. As
one can see, this resolution (the width of the first
element in the fourth group of the test pattern),
which conforms to the lower traces in Figs. 5(a)-5(c),
is provided over all the field of the reconstructed im-
age for Q = 100, 300 but is reduced for Q = 750.
These results are supported by analysis of the corre-
sponding photos. The experimental sensitivity of
the setup with Q = 750 to the shift of the readout
beam was approximately 20 _m, deviating by 5%-6%
from the theoretical prediction. The measured DE
of the reconstructed images was approximately 4%-
5_.
4. Conclusions
We have demonstrated a relatively simple method of
calculating critical parameters for the processes of
reading and writing volume holograms using highly
divergent beams of differing wavelengths. The ex-
perimental results were shown to agree with the the-
oretical results. We have considered the resolution
and relative-intensity distribution of the recon-
structed image stored in a thick hologram by a high-
divergence reference beam that is arbitrarily
oriented relative to the object beam. These param-
eters, as well as the optimal parameters of the read-
out beam, can be estimated from the intensity profiles
of beams diffracted by two elemental holograms (re-
corded by a pair of spherical beams), whose simple
calculation method has been presented above.
A method for modeling a volume hologram by use of
a medium consisting of two separated thin layers has
also been suggested. This approach allows one to
find experimentally the precise optimal position of
the readout beam. Also, the method makes accessi-
ble the modeling and direct visualization of the pro-
cess of diffraction by thick holograms with arbitrary
recording parameters. These procedures could be
difficult or impossible as a result of the characteris-
tics of commonly used volume recording media (e.g.,
short lifetimes, low DE, destructive readout, etc.).
We thank Bend Research, Inc., for BR-film prepa-
ration. This study was supported by the NASA
Ames Research Center, whose support is sincerely
appreciated.
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from u._ intersect one and only one conical region of
the hologram allow one to consider the diffraction in
such conical regions independently of each other. It
means that the diffraction of the beam u 3 within a
region determined by 13kwill not be changed after the
arbitrary changing of the hologram's structure, as
well as the shape of the beam u:3 outside the region.
In particular, diffraction by hologram H within a re-
gion will be equivalent to the diffraction of the plane
wave with spatial frequency _k on a hologram whose
grating vector K varies as a function ofy in the same
manner as that in the given region of hologram H and
is independent of x.
Let us now break this new holographic structure
into parallel layers Yk _ < Y < Y_.. We choose the
thickness of each layer to be thin enough to consider
K(y) to be constant within the layer. In this case the
intensity change of the incident plane wave within
each layer can be calculated in accordance with the
coupled-wave theory. We can see from Eq. (2.5) be-
low that the equation describing the diffraction de-
pends on only the Bragg mismatch angle 5 if we use
a first-order Taylor approximation for 5 and K. It
means that changing the value of K in any layer
without changing _ does not change the intensity of
the incident beam in the output plane of the holo-
gram. This, in turn, means that the grating vector K
can be chosen to have the same value for all layers
with the condition that 5 is constant. Thus, assum-
ing 5 is not changed along the propagation path of the
cone of rays constituting u:-, we can calculate the
output intensity by calculating the diffraction of the
plane wave on the equivalent diffraction grating.
The spatial frequency of the plane wave and the ab-
solute value of the grating vector K have to be chosen
to be equal to _ and K(x, 0), respectively.
As indicated in Fig. 1, rays from the recording
(xl, Yl), (x2, y21 and reconstructing (x:_, Y:3) sources
traveling to an arbitrary point (x, 0) on the recording
medium make an angle 0i, where
X i -- X)0i(x,y) = arctan , i = 1, 2, 3. (2.1)Yi Y
The Bragg angle at the same point is
01(x,y) + 02(x,y)
+ (2.2)
2
which follows directly from the Bragg law written in
common form '_ for readout X2 and recording X_ wave-
lengths. Consequently, the Bragg mismatch angle
_Bragg is
5_rag_(x,y) = 0Rr,_tx, y) 03(x,y). (2.3)
We choose the coordinates of the point-source re-
construction beam (x:3, Y3) in such a way that two of
its rays crossing the hologram at points (0, 0) and
(c, 0) make Bragg angles with the input plane [Eq.
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Fig. 2. Normalized DE of H(0, 0) versus the hologram plane
position for various values of the parameter c.
(2.2)]. Using geometric construction we can show
that
cos[%_,_t0, 0)]cos[%,,_dc, 0)]
y:_ = c sin[0B_(0, 0)] - 0B_,_(c, 0)] '
x3 = Y3 tan[%,.,,zf0, 0)]. (2.4)
We then determine the mismatch angle 5B,.,g _ for the
rest of the rays of the reconstructed beam and insert
it into the relation that expresses the angular sensi-
tivity of a thick hologram:
_1= exp - c_
× exp[-i_] exp[i(_2 + v2)°_][ - exp[-i(_'-'_2_o.__+ v'2)_"_],z,
2[1 +v,2)
(2.5)
where _ = (2vn/X2)Ssr_gg d sin[(01 - 02)/2], with v =
xd/c_, c, = cos[(01 - 02)/2], d is the thickness of the
hologram, and X is the coupling constant2
Expression (2.5) describes, in the exit plane of the
hologram, the profile of the intensity of the diffracted
wave that attains its maximum at points x = 0 and
x = c. Note that we are interested in the relative DE
of diffracted rays versus only 5m._gg for each of them,
so we can simplify Eq. (2.5) to obtain
= v '_ sinc_{v l[v_ + kSB_.J(x, y)]O._}.
_qo
(2.6)
Here we took into account the fact that the presence
of loss has very little influence on the angular sensi-
tivity 4 and used Eq. (2.5) as written for lossless grat-
ings with real ×. The constant v was measured
experimentally.
Figure 2 represents the relative-intensity distribu-
tion profile (equivalent to the normalized DE) of dif-
fracted beams in the exit plane of the hologram
calculated for the elemental hologram/4(0, 0) (corre-
sponding to the zeroth-order component of the Fou-
lO
x (mr.)
Fig. 3. Normalized DE ['or cases (x,, y_! - (7, 10), (x2, y_t -
I6.5, 10) (plot 1), (8, 10) (plot 2), (5, 10) {plot 3).
rier spectrum T of transparency t) for reconstructed
beams with different values of the parameter c. Val-
ues of kl = 458 nm and k2 = 633 nm were used for
this and subsequent plots. The X axis is in the
hologram recording plane, and the different values of
c are obtained by the changing of the location of the
reconstruction point source (x3, Y3). Optimized
readout parameters correspond to the portion of the
hologram where the curves of Fig. 2 have sufficient
DE, say not less than 1/e (as for the definition of the
width of a Gaussian-shaped signal), and are as flat as
possible. In our experiments (Section 3) the holo-
gram was approximately 3 mm in extent, so c = 2 mm
would be optimal from Fig. 2.
Profiles of diffracted beams with the optimized pa-
rameter c, calculated for several recording setups of
H(0, 0) holograms (with different orientations and
average spatial frequencies of their recording beams),
are shown in Fig. 3. The diffraction of the beam
optimized for the reconstruction of hologram H(0, 0)
from holograms H(Ax, Ay), which correspond to the
higher-order components of the Fourier spectrum T,
is shown in Fig. 4. These plots represent the sum
intensity distribution of beams diffracted by elemen-
tal holograms H(Ax, hy) and H(- Ax, - Ay), where we
use the fact that symmetric components of the Fou-
tier spectrum contain the same information. From
Fig. 4 we can see that the relative DE decreases with
increasing values of r, corresponding to holograms of
higher components of the Fourier spectrum T. Thus
the reconstruction system acts like a low-pass filter,
L
.15 -I0 -5 '3-- 5 10
x
Fig. 4. Normalized DE of elemental holograms with various val-
ues of r versus the hologram plane position.
and one can use this curve to define an effective spa-
tial cutoff frequency at some particular value of the
relative DE (1/e in this paper).
Let us now consider in more detail how the inten-
sity profiles of beams diffracted by elemental holo-
grams (Figs. 2-4} can be utilized to determine the
resolution and intensity distribution in the recon-
structed image t. Each point P of the recording
transparency t is formed by a cone of rays connecting
it with points of the Fourier spectrum (Fig. 1), each of
which we took as an elementary point-source object
beam of the elemental hologram. The part of the
transparency t in the vicinity of the point P will be
reconstructed with a resolution h if all rays of a cone
with a base radius of
0.61kiD
r = (2.7)
h
have enough DE (0 > _lo/e), where r = (Ax 2 + Ay2) °5
is one of the coordinates of the Fourier plane of the
transparency t and D is the distance between the
plane of transparency t and its Fourier transform
plane T. 5 If the behavior of the plots in Fig. 4 is
taken into account, the proper DE of only edge cone
rays corresponding to the maximum-order compo-
nents of the Fourier spectrum will provide the re-
quired resolution. Then it is easy to see that the
intensity distribution of the reconstructed beam at
the image plane corresponds to a profile of the beam
diffracted by the H(0, 0) hologram at its exit plane,
reduced in size by D 2 COS 0aver/D1, where D 1 and D 2
are the distances between the Fourier plane of image
i and, accordingly, the hologram and the plane of the
image, respectively, and 0aver is the average incident
angle of the reconstructing beam. Thus the inten-
sity and resolution in an arbitrary part of the recon-
structed image T can be estimated by the profiles of
two beams diffracted by elemental holograms H(0, 0)
and H(3x, 3y), where Ax and 3y obey the condition of
Eq. (2.7).
Let us also consider the limits that the assump-
tions defined above place on the thickness of the
hologram (more exactly, on the Klein parameter Q,
which characterizes thick gratings 5 for which the the-
ory is valid). Calculations [Eqs. (2.1)-(2.6)] showed
that, for a thickness of approximately 0.5 mm and
values of the Q factor of the order of 10 4, the values of
5 variations along the propagation path of the recon-
structing beam do not exceed 10 -4 rad, which corre-
sponds to a percent error in the intensity calculation
of not more than 5%-7%.
3. Experimental Results
To investigate the different wavelength regimes of
recording and reconstructing volume holograms we
used a thick BR film. This material exhibits excel-
lent properties for real-time optical processing appli-
cations, as well as for permanent high-density data
storage. _ Hologram recording in BR films was car-
ried out in the M-type regime, in which red readout
light provided at the same time excitation for the BR
10 March 1998 / Vol. 37, No. 8 / APPLIED OPTICS 1353
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